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ABSTRACT

This report presents results of measurements of permittivities (see Glossary) and
permeabilities of assorted materials collected by the U.S. Army Office of Low Obser-
vables Technology and Applications (LOTA), and by the U.S. Army Materials Tech-
nology Laboratory (MTL). This will be one of a planned series of annual reports
prepared by MTL for LOTA describing the results of such tests.

The samples fell into the following categories:

1. Pure materials (teflon, plexiglasses and casting plastic).
2. Metal-coated microspheres.
3. Carbospheres, both uncoated and metal coated.
4. Ferrites.
5. Magnetic metal flake.
6. Ceramic matrix composites.
7. A standard paint.

The data and its limitations and plans for additional testing are presented in the
text. The most interesting results were obtained for a Rockwell Ferrite and for a 50/50
ferronickel flake which showed magnetic loss from 2 to 18 GHz.
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INTRODUCTION

This report presents results of measurements of permittivities (see Glossary)
and permeabilities of assorted materials collected by the U. S. Army Office of
Low Observables Technology and Applications (LOTA), and by the U. S. Army
Materials Technology Laboratory (MTL). This will be the first in a planned
series of annual reports prepared by MTL for LOTA describing the results of
such tests.

The samples fell into the following categories:

1. Pure materials (teflon, plexiglasses and casting plastic).
2. Metal-coated microspheres.
3. Carbospheres, both uncoated and metal coated.
4. Ferrites.
5. Magnetic metal flake.
6. Ceramic matrix composites.
7. A standard paint.

The data and its limitations and plans for additional testing are presented in
what follows.

EXPERIMENTAL

Most of the samples were powders which were hand mixed with an acrylic-
polyester binder (Castolite CP, Castolite Co., Woodstock, IL) and formed into
toroidal samples machined to fit a 7 millimeter OD, 3 millimeter ID coaxial
airline for measurements of epsilon and mu from 2 to 18 GHz with a
Hewlett-Packard 8510 - A Vector Network Analyzer (VNA). A Hewlett-Packard
8510-B VNA, which will permit future extension of the measurement range to
40 GHz using a KA band waveguide, was acquired about halfway through the
project and used to measure about half of the samples. The measurement proce-
dure and equations for data analysis are described in a Hewlett-Packard Product
Note.' A few free-space reflectivity measurements using millimeterwave test
apparatus (26-40, 40-60, and 75-110 GHz) are also reported.

RESULTS

Pure Materials

The permittivities and permeabilities of several pure materials were mea-
sured at the start of the project validate the measurement techniques. The
materials included teflon, ordinary plexiglass, a leaded plexiglass, and the Casto-
lite casting plastic selected for use as the base material for composite studies.
This casting plastic was selected on the basis of convenient working characteris-
tics and commercial availability.

1. Hewlett-Packard Product Note 8510 -3- Materials Measurement. Hewlett-Packard Corporation, 3000 Hanover Strect,

Palo Alto. CA 94304.



Although the teflon sample could possibly have been better machined, the
experimental values of epsilon and mu (see Figures la, 1b, 1c, and ld) agree
reasonably well with .he nominal values of (2.03, 0) and (1.0, 0.0), respectively.
The average value of epsilon prime was 2.03 +/- 0.04 on this determination and
2.03 +/- 0.03 on another. The original open literature articles on the vector net-
work analyzer technique are apparently by Weir,2 and by Nicholson and Ross; 3 their
measurements show the same type of scatter in the permittivity and permeability
observed in the current results. X-band (8 to 12 GHz) test results for teflon and
nylon are also reported in the Hewlett-Packard product Note;1 the Hewlett-Packard
results actually show a small (+/- 1.5%) systematic error in epsilon prime.

SinLe the tefloit was hard to machine, two types of plexiglass were also tested.
The first, a standard material on hand, had a frequency independent dielectric con-
stant of 2.602 +/- 0.006, as expected.3 Leaded plexiglasses can also be obtained;
they were an early solution to the X-ray emission problem in color televisions manu-
factured in the 1960s. A leaded plexiglass sample on hand had a frequency indepen-
dent dielectric constant of 3.25 +/- 0.07.

Data for the real part of the dielectric constant of Castolite is shown in Figure 2.
This data reproduces reasonably well. The average dielectric constant was (2.685 +1-
0.06, -0.15 +/- 0.054) in one run, and (2.70 +/- 0.12, -0.15 +/- 0.07) in another.

Metal-Coated Microspheres

Many of the samples tested were metal-coated microspheres. These particles
were expected to be interesting since, if properly made, they can have permeability
which is frequency dependent in the microwave range as a consequence of eddy cur-
rent effects. Although the theory of the permeability of a solid metal particle has
long been available in the literature,5 no similar analysis for a spherical shell could
be found so the relevant expressions were derived from classical electromagnetic
theory. The results are detailed in a companion paper which will be made available
as an MTL Technical Report.4 The particles tested were about 50 microns in diameter,
and many were silver coated so that no ferromagnetism was present to obscure the
results. A magnetic loss that was relatively small, but measurable and possibly useful,
and a mu prime less than one were expected for composites of these particles.

The permittivity of a metal-dielectric composite is comparatively hard to predict
as a consequence of the nearly infinite dielectric constant of the metal at these fre-
quencies. One possible approach5 is to use a common mixture formula such as the
Maxwell-Garnett expression, which for this case (metal particles of very high dielec-
tric constant) reduces to

Ec = Eb (1 + 2F)/(l - F), (1)

2. WEIR, W. B. Automatic Measurement of Complex Dielectric Constant and Permeability at Microwave Frequencies.
Proceedings of the IEEE, v. 62, no. 1, 1974, p. 33-36.

3. NICHOLSON, A M., and ROSS, G. F. Measurement of the Intrinsic Properies of Materials by Time Domain
Techniques. IEEE Transactions of Instrumentation and Measurement, v. 1M-19, no. 4, 1970, p. 377-382.

4. HOW, H., SPURGEON, W. A., and VITTORIA, C. The Microwave Permeabiliry of a Conducting Spherical Shell.
U.S. Army Materials Technology Laboratory, MTL TR 90-7, February 1990.

5. CARR, G. L HENRY R. L, RUSSELL, N. E., GARLAND, J. C., and TANNER. D. B. Anomalous Far-infrared
Absopaon in andom Small Paricle Composites. Physical Review B24, no. 2, 1981, p. 777-786.
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where E, is the dielectric constant of the composite, Eb is the dielectric con-
stant of the binder, and F is the volume fraction of the particles. Note that
this predicts a low-loss dielectric; the use of metal particles in preparing artifi-
cial low-loss dielectrics dates at least back to the 1950s. At high concentra-
tions, this behavior will change as particle-particle contact effects become
important, leading to a nonlinear (and hard to model) increase in the dielectric
constant and loss.

The actual experimental results are best illustrated for a series of samples
of nickel-coated microspheres obtained form Novamet, Inc., 10 Lawlins Park,
Wyckoff, NJ 07481. These are approximately 50 micron-diameter particles with
an estimated nickel thickness of 2 microns deposited by a chemical vapor deposi-
tion process. Although nickel is ferromagnetic, the ferromagnetic resonarce
(FMR) frequency is quite low (about 0.75 GHz for a sphere), and since there is
actually very little nickel on the particles, the major effects expected are those
of the eddy current losses, not those of ferromagnetic interactions.

At low particle concentrations epsilon prime for the composite increases
with the weight fraction in a linear manner up to about 20 weight % of par-
ticles (see Figure 3). The dielectric loss is low, as expected. Also, mu prime is
less than one, and the magnetic loss is too small to measure. This is the
expected behavior which one can at least attempt to model.

At high particle concentrations (30 weight % or more), epsilon prime
increases in a very nonlinear manner, as expected, but also shows an unexpected
resonant behavior. This is illustrated for a 30 weight % sample in Figures 4a
and 4b. Mu prime for the sample is less than one (Figure 4c), and the mag-
netic loss is too small to measure reliably. Several attempts were made to pre-
pare composites with higher particle concentration; the reproducibility of the
results was very poor and the results are not worth reporting.

The quantities of the uncoated and other metal-coated microspheres (Sam-
ples I through 9) were quite limited. Where possible, results were obtained at
one high loading level, which was determined as the highest level which would
mix properly with the Castolite binder, and one or more lower concentrations if
enough of the sample remained. Sample 5 was totally consumed in an unsuc-
cessful attempt to prepare the high concentration sample, which turned out too
powdery for reliable measurements. The data for the other metal-coated
microsphere samples are presented below.

Sample 1 - Carolina Solvents Microspheres, Untreated

Hollow-glass microspheres can be made from a variety of glasses and have
dielectric constants which depend on the type of glass and its thickness and the
particle diameter. Composites of 15 and 45 weight % (26 and 64 volume %)
of this sample were prepared with the Castolite binder. The average frequency
independent dielectric constants of these composites were 2.488 +/- 0.06 and
2.207 +/- 0.04, respectively. A more interesting parameter is the dielectric con-
stant of the particles, which was extracted from the composite data using the
Maxwell-Garnett expression for the dielectric constant of the composite,

3



E8 F(E8 - Ep)
Ec = EB + E1 (, p (2)

(1 -F)E, + (2 +F)EB(

where Ec is the dielectric constant of the composite, EB is the dielectric con-
stant of the binder, Ep is the dielectric constant of the composite, and F is the
volume fraction of the particles. Values for Ep of 1.87 and 1.91 were obtained
from the 15 and 45 weight % composites, respectively.

Sample 2 - Carolina Solvents Silver-Coated Microspheres, 20/30

Although the microspheres comprising this sample appeared to be silver
coated, they tested out quite differently. A 15 weight % composite in Castolite
had a dielectric constant of 2.675 +/- 0.1, which indicates that the dielectric con-
stants of the particle and binder are essentially the same. The permeability was
(1.0, 0.0) and there was no additional dielectric loss in these composites within
the experimental error.

Sample 3 - Carolina Solvents Silver-Coated Microspheres, 20/26

The real and imaginary parts of the dielectric constant for a 45 weight %
composite of this sample are shown in Figures 5a and 5b. In view of the rela-
tive constancy of the real part of the dielectric constant of the composite, we
applied the Maxwell-Garnett expression above and find a value of Ep of 6.0,
although this analysis may not be entirely appropriate because of the semicon-
ducting nature of the particles. Mu prime for this sample was one within experi-
mental error, and mu double prime measured slightly positive and should be
regarded as zero. It should be noted that separation of the dielectric and mag-
netic losses is difficult when one component is considerably larger than the other.

Sample 4 - Carolina Solvents Silver-Coated Microspheres, 34/94

Two composites of this sample were prepared, one at 15 weight % and one
at 45 weight %. The 15 weight % sample was low-loss dielectric with an average
dielectric constant of (6.65 +/- 0.18, -0.17 +/- 0.12), and an average permea-
bility of (0.95 +/- 0.03, 0.03 +/- 0.03). No clear frequency dependence was
noticed in the data. The 45 weight % composite showed a strong dielectric
resonance (Figures 6a and 6b), as anticipated. The behavior of mu (Figures 6c
and 6d) is somewhat puzzling in that the large decrease in mu prime should be
accompanied by a larger peak in mu double prime. The dielectric constant is
going through a resonance, and the data are very noisy and not particularly reli-
able when this happens, or when the sample is a half wavelength thick. Scatte-
ring within the sample is likely to be very high as well, which may account for
some of the observed behavior. The data follows the metal-dielectric composite
behavior for which the notion of a particle dielectric constant is not appropriate.

Sample 6 - Carolina Solvents Silver-Coated Microspheres, 200/10

Behavior similar to that of the 45 weight % composite of Sample 4 was
obtained in a 35 weibh.t % composite of Sample 6. A 25 weight % sample also
showed a strong dielectric resonance (Figures 7a and 7b), but the behavior of
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mu was somewhat different (Figures 7c and 7d). Again, the reasons for this
behavior are not clear.

Sample 7 - Carolina Solvents Nickel-Coated Microspheres

A 15 weight % composite of this sample was again a low-loss dielectric with
a mu prime that was nearly one, and a mu double prime that was too small to
measure. Twenty-five and 45 weight % composites showed dielectric resonances
similar to those described above; the results from these composites were
regarded as unreproducible and uninteresting. The behavior of these particles
was generally similar to that of the nickel-coated microspheres from Novamet
described above.

Sample 8 - Mobay Chemical Silver-Coated Microspheres

A 15 weight % composite of these microspheres was a low-loss dielectric, as
expected, with a dielectric constant of (5.68 +/- 0.18, -0.15 +/- 0.10). In con-
trast, a 25 weight % composite had a dielectric resonance at about 11 GHz (see
Figures 8a and 8b), with a mu of (0.71 +/- 0.04, -0.02 +/- 0.03).

Sample 9 - Mobay Chemical Iron-Coated Microspheres

Composites of 15, 25, and 40 weight % of these particles were prepared.
As expected, the 15% composite was a moderate-loss dielectric with epsilon =
(7.1 +/- 0.24, -0.54 +/- 0.09), and mu prime = 0.94 +/- 0.08. Mu double
prime was zero within experimental error. The 25 weight % composite had a
modest dielectric resonance, shown in Figures 9a and 9b. The average mu
prime for this sample was 0.74 +/- 0.03, and mu double prime was unmeasu-
rably small. The 40% composite had a stronger dielectric resonance (Figures 9c
and 9d) and a mu prime of only 0.19 +/- 0.03 with no measurable magnetic loss.

The question of the possible utility of these particles is hard to answer in a
completely satisfactory manner. Since they are very light compared to solid
metal particles of the same size, they could certainly be used to fabricate light-
weight, low-loss, artificial dielectrics. The theory of the dielectric constant, par-
ticularly the imaginary part, in the high concentration region is quite inadequate,
and the scaling with concentration is too nonlinear for modelling absorptive mate-
rials. Only very small quantities of partices were provided, which necessitated
testing small, hand-mixed batches of materials, which demonstrated highly vari-
able, poorly reproducible results at high concentrations. Proceeding empirically
would require analyzing large machine-mixed batches of material to generate
working curves and would certainly be laborious. This is not of clear value
given the uncertainty in the outcome. The large increase in the dielectric con-
stant with particle concentration is partially offset by the decrease in the perme-
ability, which would make the material behave as though it had a comparatively
low dielectric constant in a quarterwave absorber; i.e., it would have a better
bandwidth than a material in which the dielectric constant had been increased
when made lossy by adding carbon black, so the idea of using these particles is
not entirely without basis. The route to making a broadband absorber from
them is not clear, however.

5



Since the lossy composites require particle-to-particle contact, anything that
changes the degree of contact, such as aging of the polymer or thermal
expansion, would also be likely to alter the absorption characteristics, which is
clearly undesirable.

Particles similar to these, if properly metal coated, could be of use in mag-
netic absorbers. Since these materials would have magnetic loss without a Curie
point, a possible application is in high temperature materials.

Carbospheres

The samples of carbospheres tested were very light, spherical, carbon par-
ticles manufactured by Versar Manufacturing Company, 1412A Sullyfield Circle,
Chantilly, VA 22021.

Type A Carbospheres

Composites of 3, 6.5, and 10 weight % of the Type A carbospheres were
prepared and analyzed. Figures 10a and 10b show the average values of epsilon
prime and epsilon double prime. The permeability was (1,0) within the 5%
experimental error.

The dielectric behavior of these particles is qualitatively similar to that
which would be expected for carbon black powder. The use of a simple mix-
ture formula for tic dielectric constant of a composite of the particles is not
appropriate. If practical use of them were to be attempted, an empirical curve
of dielectric constant versus loading similar to Figures 10a and 10b would have
to be generated for composites with the base material. As a first approxima-
tion, the change in dielectric constant with particle loading should be propor-
tional to the dielectric constant of the base material.

Type D Carbospheres

The dielectric behavior of the Type D carbospheres was similar to that of
the Type A carbospheres, although the dielectric loss at low concentrations was
higher. Figures Ila and lib show the concentration dependence of the dielec-
tric of composites of these particles in Castolite.

Type E Carbospheres

A 10 weight % composite of these particles in Castolite was a low-loss
dielectric with a dielectric constant of (5.32 +/- 0.12, -0.08 +/- 0.07). Since this
behavior was very similar to that of the metal-coated microspheres, no other
composites were prepared.

Type MS-1000 Carbospheres

Type MS-1000 carbospheres are conductive to a DC ohmmeter, and are
roughly one millimeter in average diameter. Since this particle size is too large
for a composite which would be homogeneous on the scale of the 7 millimeter
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diameter coaxial transmission line, the sample could not be measured. The size
of the particles may lead to some interesting scattering effects in the 100 GHz
range.

Type ME-27 Cobalt-Coated Carbospheres

The cobalt-coated carbospheres seemed comparatively heavy, which was
taken as an indication that the cobalt coating was reasonably thick. They were
strongly magnetic to a test with a laboratory permanent magnet. Hexagonal
close-packed cobalt has an anisotropy field, HA, of around 15 kilooersteds, so
that the FMR frequency should be about 45 GHz, which is well beyond the
current 2 to 18 GHz measurement range. A 25 weight % composite of these
particles had a mu of one within experimental error from 2 to 18 GHz. The
average dielectric constant of the composite was (4.2 +/- 0.15, -0.15 +/- 0.06).

Type MA-26 Iron-Coated Carbospheres

Figures 12a, 12b, 12c, and 12d show, respectively, the averages of three
determinations of the real and imaginary parts of the permittivity and permea-
bility of a 25 weight % composite of these particles in Castolite. This was the
highest concentration that could be prepared. Although a small ferromagnetism
may be present, as evidenced by the slight drop in mu prime with frequency
and the small mu double prime, it does not appear to be large enough to be
useful in an absorber.

Type MA-28 Nickel-Coated Carbospheres

Figures 13a and 13b show, respectively, the real and imaginary parts of the
permittivity and permeability of a 20 weight % (again, the highest concentration
that could be prepared) composite of these particles in Castolite. Note the
very large dielectric resonance. This did not reproduce well in a second experi-
ment. Mu was not well resolved, but it was clear that any magnetic loss, if pre-
sent, was very small. Since the overall electromagnetic behavior of the
composite is dominated by the dielectric constant, it did not appear that further
analysis was merited.

The possible advantages of using the carbospheres instead of a carbon black
powder to introduce dielectric loss in a plastic are not clear. The metal-coated
carbospheres were disappointing in that no useful magnetic loss was found.

Ferrites

The selection of samples from the LOTA Office included an assortment of
ferrites. Details regarding the nature of the ferrites and their sources may be
obtained from the LOTA Office.

The imaginary parts of the permittivity and permeability of ferrite compo-
sites can be relatively small so composites in comparatively high concentrations
(50 weight % or more) were prepared in order to get good measurements of
these parameters. A description of the results obtained is provided below.
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Tables of mu values for those samples which demonstrated significant magnetic

loss are provided in Appendix A.

Sample 10 - Rockwell Ferrites

The most interesting of the ferrites was Sample 10 from Rockwell. A 60
weight % (20.4 volume %) composite of this ferrite had a modest magnetic loss
from 2 to 18 GHz, as shown in Figures 14a and 14b. The fact that mu prime
is still greater than one at 18 GHz suggests that the loss should extend to
higher frequencies, possibly through KA band. The data for mu also suggests
that the sample is actually a mixture of ferrites. The dielectric constant of the
composite was frequency independent in this range within the experimental
errors and is plotted as a function of volume % of particles in Figure 14c.

The more interesting parameters are epsilon and mu for the particles.
Unfortunately, extracting these parameters is not as straightforward as one
would hope. In particular, application of Maxwell-Garnett theory for spherical
particles does not result in realistic values for the real part of the dielectric
constant of the particle: a value of 47.5 would be obtained for the 60 weight
(20.4 volume %) composite described above. A problem with the Maxwell-
Garnett theory is that it is not very sensitive to the particle dielectric constant
when this is much above 10 (typical values for ferrites are in the 10 to 30
range). This is illustrated in Figure 14d which shows a plot of the dielectri-
constant of a composite of 20 volume % of particles in a binder of dielectric
constant 2.7 as a function of the dielectric constant of the particle. Note that
the dielectric constant of the composite increases from 3.55 to 3.82 as the par-
ticle dielectric constant increases from 10 to 15, and a 3.5% error in the com-
posite dielectric constant becomes a 20% error in that for the particle. Also,
note that the composite dielectric constant can never exceed 4.725 for this
volume fraction in the binder. This actually happened for several of the
samples described below.

Another problem in applying the Maxwell-Garnett theory for spherical par-
ticles is that the particles were not spherical for nearly all of the samples. The
apparent exception was Sample 10, which was composed of micron sized par-
ticles which looked reasonably spherical under a 500-power microscope. Such
small particles are quite difficult to completely disperse, and one cannot be
certain what the depolarization factor for the particle aggregates should be. A
more general Maxwell-Garnett expression for nonspherical particles is given by

F(Ep - EB)
Ec =E+ (1-F) (1+(L./EB) (Ep - EB))+F (3)

where L is a depolarizing factor which is 1/3 for a sphere. Given the general
irregularity of the particle shapes, no value of L which would lead to a reaso-
nable value of the particle dielectric constant could be justified.

In view of the near linearity of the composite dielectric constant with
volume loading shown in Figure 14c, and the above discussion, the use of a
simple expression for the composite dielectric constant,



Ec = EpF + (1- F)EB , (4)

to extract values of the particles seemed justified and, accordingly, was
employed. The values obtained are reasonable for ferrites, and are usable for
modelling purposes with the above expression. Accurate values of the particle
dielectric constant (and permeability) are best obtained from dense, sintered
samples. A calibration curve for the dielectric constants of composites should
always be prepared if one were to try to make useful materials from them.

The permeability constant for a composite should also follow a formula
similar to the Maxwell-Garnett expression. However, for ferromagnetic particles
a micron or more in diameter, the depolarizing factor is determined by domain
interactions within the particles, and is generally taken to be zero. In this case,
the generalized Maxwell-Garnett expression reduces to

MUc = MUPF + (1 - F). (5)

Epsilon for the particles of Sample 10 was calculated to be (16.9 +/- 1.4, -0.9
+/- 0.6). The calculated values of mu prime and mu douhle prime are shown
in Figures 14e and 14f, respectively; these values are accurate to +/- 20%.

Sample 11 - Titan Ferrites FCX-1535

Sample 11 was strongly magnetic when tested with a laboratory magnet sug-
gesting that it may be a high frequency hexagonal ferrite. The average perme-
ability of a 50 weight % (19.7 volume %) composite was 1.11 +/- 0.05 (1.40
+/- 0.2 for the particle) in the 2 to 18 GHz range, which is what would be
expected for such ferrites at low frequencies. The imaginary part of mu was
too small for a reliable measurement. The real part of the dielectric constant
was (5 78 +/- 0.15, -0.59 +/- 0.2) for the composite,(17.6 +/- 1.8, -2.4 +/- 1.4)
for the particle.

Sample 12 - Titan Ferrites FCX-1536

Sample 12 was prepared in a 65 weight % (32 volume %) composite, and
was rather difficult to measure. The average dielectric constant of the compo-
sitc was (7.19 +/- 0.17, -0.98 +/- 0.22). The corresponding values for the par-
ticle are (16.8 +/- 0.7, 3.6 +/- 0.75). The average value of the real part of the
permeability was 1.15 +/- 0.03 (1.47 +/- 0.2 for the particle). No magnetic loss
was evident although it is possible that a small magnetic loss would be obscured
by the comparatively large dielectric loss.

Sample 13 - Titan Ferrites FCX-1537

Although magnetic, Sample 13 exhibited only a hint of ferromagnetic beha-
vior in a 31 weight % (9.8 volume %) composite in the 2 to 6 GHz range
(Figures 15a and 15b). An attempt to prepare a highcr concentration sample
failed; the specimen was too crumbly. The frequency independent dielectric con-
stant was (3.32 +/- 0.06, -0.08 +/- 0.05) for the composite. The real part of
the dielectric constant of the particle works out to 9.2 +/- 1.4, and the loss is
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negligible. Values for mu of the particles were calculated and are shown in
Figures 15c and 15d. The accuracy of the values is limited to about +/- 50%
by the low volume loading.

Sample 14 - Titan Ferrites FCX-1538

Sample 14 was a low frequency ferrite, with most of the magnetic loss
below 7.5 GHz in a 50 weight % (18.9 volume %) composite (Figures 16a and
16b). The values of mu for the particles inferred from the composite data are
shown in Figures 16c and 16d. These values are accurate to about +/- 20% in
this and subsequent determinations. The real part of the dielectric constant was
frequency independent from 2 to 18 GHz (3.54 +/- 0.06 for the composite, 7.2
+/- 1.5 for the particle). The imaginary part of the dielectric constant of the
composite was -0.12 +/- 0.05 which is comparable to that of the base plastic.

Sample 15 - Titan Ferrites FCX-1539

Sample 15 had a modest magnetic loss from 6 to 18 GHz. The permea-
bility of a 20.1 volume % composite is shown in Figures 17a and 17b, and that
of the particle is shown in Figures 17c and 17d. The frequency-independent
dielectric constant was 3.97 +/- 0.06 for the composite and (9.0 +/- 1.5) for the
particle. The dielectric loss of the particle was too small to measure.

Sample 16 - Titan Ferrites FCX-1540

Sample 16 was a low-frequency ferrite with most of the magnetic loss below
7.5 GHz in a 40 volume % composite (Figures 18a and 18b). The values of
mu for the particles inferred from the composite data are shown in Figures 18c
and 18d. The real part of the dielectric constant was frequency independent
from 2 to 18 GHz (6.00 +/- 0.06 for the composite, 11.0 +/- 0.34 for the par-
ticle) and the imaginary part was too small to measure.

Sample 17 - Titan Ferrites FCX-1541

A composite was prepared at 45.3 volume % which had a magnetic loss that
may be useful in the 2 to 8 GHz range (Figures 19a and 19b). Mu for the par-
ticle is shown in Figures 19c and 19d. The frequency-independent dielectric con-
stant was tound to be 8.1 +/- 0.1 for the particle (5.13 +/- 0.10 for the
composite). The dielectric loss of the particle was unmeasurably small.

Sample 18 - Titan Ferrites FCX-1542

Sample 18 had a very broad peak in mu double prime from 2 to about 12
GHz in a 34 volume % composite (Figures 20a and 20b). The values of mu
for the particles inferred from the composite data are shown in Figures 20c and
20d. The real part of the dielectric constant was frequency independent from 2
to 18 GHz (5.12 +/- 0.10 for the composite, 9.8 +/- 1.3 for the particle) and
the imaginary part was too small to measure.
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Sample 19 - Titan Ferrites FCX-1543

Sample 19 was strongly magnetic when tested with a laboratory magnet.
However, a 50 weight % (10.4 volume %) composite in Castolite had an average
permeability of 0.98 +/- 0.04, with an unmeasurably small magnetic loss, indica-
ting that the FMR frequency was out of the 2 to 18 GHz measurement range.
The real part of the dielectric constant was 3.93 +/- 0.06 for the composite
(9.1 +/- 1.5 for the particle) and the imaginary part was too small to measure.

Sample 20 - Titan Ferrites FCX-1544

Sample 20 was a low-frequency ferrite, with most of the magnetic loss below
7.5 GHz (Figures 21a and 21b) in a 50 weight % (21.7 volume %) composite.
The values of mu for the particles inferred from the composite data are shown
in Figures 21c and 21d. The real part of the dielectric constant was frequency
independent from 2 to 18 GHz (3.90 +/- 0.04 for the composite, 8.3 +/- 1.4 for
the particle) and the imaginary part was too small to measure.

Sample 21 - Titan Ferrites FCX-1545

Sample 21 was not magnetic when tested with a three-kilooersted laboratory
permanent magnet. The real part of the dielectric constant of a 50 weight %
(20.8 volume %) composite in Castolite was 4.25 +/- 0.04 (10.2 +/- 1.5 for the
particle). The imaginary part of the permittivity was zero and the permeability
was (1.0, 0.0) within the experimental error.

Sample 22 - Titan Ferrites FCX-1546

Sample 22, like Sample 20, was a low-frequency ferrite with most of its mag-
netic loss below 10 GHz. The permeability of a 18.1 volume % composite of
the particles in Castolite is shown in Figures 22a and 22b. Figures 22c and 22d
show the corresponding values for the particles. The average dielectric constant
was (5.75 +/- 0.11, -0.35 +/- 0.1) for the composite, and (19.6 +/- 1.9, -1.5 +/-
1.0) for the particles.

Sample 23 - Titan Ferrites FCX-1547

Sample 23 was similarly a low-frequency ferrite with most of its magnetic
loss below 10 GHz. The permeability of a 19.5 volume % composite of the par-
ticles in Castolite is shown in Figures 23a and 23b. Figures 23c and 23d show
the corresponding values for the particles. The average dielectric constant was
(5.83 +/- 0.21, -0.21 +/- 0.09 for the composite, (18.8 +/- 2.0, -0.67 +/- 0.4)
for the particles.

Magnetic Metal Flake

Magnetic metal flake offers a possible alternative to needles or whiskers as
a means of reducing the weight of magnetic metal needed in absorbing compo-
sites. Flakes could be cheaper than needles or whiskers since they are made by
a relatively simple hammering process which will work with varying degrees of
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success for most metals. MTL has purchased quantities of permalloy, carbonyl
iron, cobalt, nickel, several ferronickels, and stainless steels for evaluation from
Novamet, Inc., Wycoff, NJ. One unfortunate problem these samples have is
that they contain a relatively high percentage o fines (particles two microns or
less in diameter and only slightly flattened) in addition to the flakes for which
the aspect ratios are not uniform. The analysis of most of these samples is still
in progress. As an example of the results, data are presented for a 50/50 ferro-
nickel sample, which includes both fines and flake. Given the irregularity in the
particle sizes and shapes, the data is presented in terms of weight % of metal.

The effect of the metal flake on the dielectric constant of the composite is
shown in Figure 24a. Note that the behavior is essentially linear to about 25
weight % metal (about 5 volume %), at which point the dielectric constant
increases in a highly nonlinear fashion.

The effect permeability of the composite is shown in Figures 24b and 24c.

This is interesting in that magnetic loss is present from 2 to 18 GHz.

Ceramic Matrix Composites

At the suggestion of the Chief of MTL's Ceramics Research Branch, repre-
sentative samples of several light armor ceramic materials were tested for reflec-
tivity in the 26 to 40 and 75 to 110 GHz range. All proved to have metallic
reflectivity; they were later found to be conductive to a DC ohmmeter.
Although introducing microwave absorption in light armor materials seems desir-
able, the prognosis for doing so in a practical manner is not clear at this time.

The samples were as follows:

6.1 Boron carbide (B4C) from Ceradyne, Costa Mesa, CA.
6.2 Silicon carbide (SiC) from Cercom, Vista, CA.
6.3 SiC whisker-reinforced alumina (A120 3) from Advanced Composite

Materials Corporation, Greer, SC.

A Standard Paint

A matter which will need more attention than it has apparently had is deter-
mining the electromagnetic properties of standard (decorative) paint samples.
The real part of the dielectric constant is the most important parameter to be
determined. In many cases it may not be possible to fabricate free standing sam-
ples and, therefore, a method to analyze a supported sample was devised. To
do this, one looks for the downward shift in the half-wave frequency (deter-
mined from the open circuit reflection coefficient, S11) of a Castolite sample
when a layer of paint is added, as indicated in Figure 25. The accuracy of the
method depends in large part on the thickness and dielectric constant of the
paint and the quality of the data; in most cases, epsilon prime can probably be
determined to plus or minus 5% or better.

To test out this method, samples of an old acrylic green paint were pre-
pared. A batch of the paint was also cast in a relatively flat sheet, from which
cut a free standing sample for the 7mm transmission line was cut. A dielectric
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constant of 4.2 +/- 0.2 was obtained in both free standing sample tests and in
the test described in the previous paragraph. The imaginary part was on the
order of -0.3 in the driest sample (thick layers of paint take a long time to
cure; this one had cured for about a month and so may not have been fully
cured).

Several samples of low emissivity paints of Taiwanese manufacture are
planned for test in this manner. These are expected to be very high dielectric
constant materials as a consequence of their metal flake content, and an epsilon
mu product (which would be useful in most cases) may be all that can be
obtained from the experiments. Other standard paints in common Army use
should also be tested.

CONCLUSIONS AND RECOMMENDATIONS

Permittivity and permeability data for a variety of materials and its limita-
tions have been presented above. Results for simple dielectric materials are
satisfactory, as expected. Many of the samples were metal-coated glass
microspheres, for which the composite permeability data is in qualitative agree-
ment with theoretical models, but for which the composite dielectric constant
shows unexplained resonances at high volume percentages of particles. The
potential utility of the particles tested in composites for absorbing microwave
radiation would depend on the ability to make stable, reproducible, high-volume frac-
tion composites of them. At a minimum, this would require large machine-mixed
batches of material, which were not available for this study. The carbospheres
tested behaved rather like carbon black particles in composites, although the
weight percentage of them needed to introduce dielectric loss was comparatively
small. Carbospheres coated with several magnetic metals showed no useful mag-
netic loss.

Of the ferrites tested, only a sample from Rockwell showed potentially
useful magnetic loss from 2 to 18 GHz, as did a sample of 50/50 ferronickel
flakes. Several ceramic composites proved to be too conductive to absorb micro-
wave radiation. A method for determining the dielectric constant of paints was
developed and should be exploited.

The data reduction for the vector network analyzer was not automated at
the time these experiments were performed. This is the next problem to be
addressed. An improved technique for measuring small values of mu is also
needed and will be explored.

GLOSSARY

GHz - Gigahertz (109 cycles per second)

KA Band - 26.5 to 40 GHz

Permeability - The permeability, mu, of a material is a measure of the extent
to which an applied magnetic field is increased or decreased within the material
as a consequence of its intereactions with magnetic dipoles in the material.
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Mathematically. one writes B = mu H, where B is the field within the material
(in units of gauss) and H is the applied magnetic field (in oersteds). At micro-
wave frequencies, the magnetic dipoles within the material become unable to fol-
low the changes in the magnetic field, and the material becomes lossy (i.e., it
can absorb rauiation). Mu is, thus, generally a complex number, with a real
part mu prime and an imaginary part mu prime prime (or mu double prime).
The notation (mu prime, mu prime prime) for such complex numbers has been
used in the text.

Permittivity - The permittivity, or dielectric constant, epsilon, of a material is a
measure of the extent to which an applied electric field is increased or
decreased N.ithin the material as a consequence of its interactions with electric
dipoles in the material. In a manner analogous to magnetic materials, one
writes D = epsilon E, where D is the electric displacement within the material,
and E is the applied field. The dielectric constant is often a complex number
at microwave frequencies, for which the notation (epsilon prime, epsilon doublc
prime) has been used in the text.

14



2,46

2.2

1.5

"' 1,6

C. 1.4
z
0 1.2
FJ0
L.

0,6G

0.4

0- I 1 I I I I

2 4 1 0 12 14 le 18

FRIZ4U.10Y (OI)4z)

Figure I a. The measured real part of the dielectric constant of teflon.

0

-0.01

-0.07 -

.09

2-. 4 03 a 10 12 14 1 e Is I

F"J.L0y (GHz)

Figure 1 b. The measured imaginary part of the dielectric constant of teflon.

15



l1

1 09

1 .07

1.06

1.04I .08

096

1.02

0.97 0.9-8

0.97 0

0 92

2 A 0 10 12 11 10

FREQUENCY (O z)

Figure Ic. The measured real pat of the permeability of teflon.

0.1

0.09

0.08

0.04

0.03

0,02 
-

0.01 .+ x

0 ' I I I I I I

2 A 03 10i 1- 14 11 ~ 1

FREQUNCY (aHz)

Figure I d. The measured imaginary part of the permeability of teflon.

16



3 -

2.4

2,2

2

0 1.4

0 !4

1.2Uj

0.8

0.4

0.2

2 4 a a 10 12 14 1.5 12

FR UE 4CY (0Hz)

Figure 2. The measured real part of the dielectric constant of the Catolite casting plastic.

10

9

7

zJ 8

Er

2

0 -I I I I I I I I I I I I i I I I

0 2 4 1. 8 10 12 14 16 1? :0

WEIGHT X

Figure 3. Variation of the real part of the dielectric constant of Castolite, nickel-coated
microsphere composites as a function of particle concentration.

17



1.3

12

1 0 ......

7

a
5

2

2 4 8 I 10 12 14 16 i

FREQUENICY (OH:)

Figure 4a. The real peat of fte dielectric constant for a 30 weight % composite
of nickel-coated microephere. in a Castoite binder.

0-

-0.2

-0.4 -

-0.6

-0.8
Wa
2 -1

IL -1.2

-1.4
I.

z -1.6

-2
-2.2

-2.4

-2.6

-2.8

FREQUENCY (GHz)

Figure 4b. The imaginary part of the dielectric constant for a 30 weight % composite
of nickel-coated microsphere. in a Castolite binder.



1, .9

1'a0

1.7
1.6

I's

1.3

1.2
1.1 1 1

0,7. 0.9

0.7

0.3

0.2
0.1

2 4 6 6 10 12 14 i le

FREQUECY (GNz)

Figure 4c. The real part of the permeability constant for a 30 weight % composite
of nickel-coated microapheres in a Castolite binder.

M

I.J

2 4 6 8 10 12 14 16 is

FRE U CY (011)

Figure 5a. The real part of the dielectric constant for a 45 weight % composite of Sample 3
(Carolina Solvents Silver-Coated Microspheres, 20/26) in a Castolite binder).

19



0*
-0.1
-0.2

-043
-0.5

-0.6

LA -079

LI

z -1.7

-2

-15

-10

-10

2 4 6 a 10 12 14 16 1 a

PMCJU4c? (Gmz)

Figure 6a. The iaiar et of e dilectic constant for a 45 weight % composite of ml
Sape(Carolina Solvents Silver-Coated Microsphres, 20t94) in a Castolite binder.

22



0-

-I

IL -a

-13

-14

w -15

0. -7

oz -8

-96

01.3

2 4 a a 10 12 14 16 Is

MIUENCY C(t~z)

Figure 6. The ralat pat of e eebiit constant for a 45 weight % composite of Sample 4
(Carolina Solvents Silver-Coated Micropheres 34/94) in a Castolite binder.

1-1



0-

-0.1

-0.2

-0.1

La
;I -0.4
CL

I -0.5

i
9L

-0.6

-0.7

-0.8

-.

2 4 a a t0 12 14 16 18

PMCLA4CY CG~z)

Fi gure 6d. The imaginary part of the permeability constant for a 25 weight % composite of Sample 4
(Carolina Solvents Silver-Coated Microapheres, 34/94) in a Castolite binder.

14

1.3

12

10

7

4

2

2 4 6 a 10 12 14 16 lB

F4C&Nr(z)

Figure 7a. The real part of the dielectric constant for a 25 weight % composite of Sample 6
(Carolina Solvents Silver-Coated Microepheres. 200/10) in a Cattolite binder.

22)



0-

t- C3

-2

i

2
at

z

LAI
-7

-10
2 4 a a 10 12 14 is I a

JDIUECI(O~z)

Figure 7b. The imaginary part of fte dielectric constant for a 25 weight % composite cf Sample 6
(Carolina Solvents Silver-Coated Microspheres, 200/10) in a Castolite binder.

2-

1.9
1.8

1.5
1.4
1.3
1.2

Li

ix

0.9
0.8
0.7
0.6
0.5
0.4
0..3
0.2
0.1

0
2 4 6 a 10 12 1A 16a I a

PMQUENC(Gz)

Figure 7c. The real padl of the permeability constant for a 25 weight % composite of Sample 6

(Carolina Solvents Silver-Coated Microspheres, 200/10) in a Castolite binder.

23



-0.1

-0.2

-0.3

S -0.4

-0.

S -0.6

-0.9

2 4 6 a 10 12 14 A 16 18

P1WB41 (ritz)

Figure 7d. The imaginary pad of the permeability oo.nae forea 45 weight % compoeite of Sample 6
(Carolina Solvents Silver-Coated Mcrosphe, 200/10) in a Catolite binder.

10

9

a

7

Li

z
0

.3

2

0
2 4 a t 10 12 14 I6 I a

PMCI.AJCV (Glz)

Figure 8a. The real part of the dielectric constant for a 25 weight % composite of Sample 8
(Mobay Chemical Silver-Coated Microapheres) in a Castolite binder.

2-4



-0.2

-0.6

-0.8

-1
IL -1.2
LAI

a
J -1.6

0

Li -2

-2.2

-2.4

-2.6

-2.a

2 4 6 a 10 12 14 16 18

P1IU~WC (Glz)

Figure 8b. The imaginary part of the dielectric constant for a 25 weight % composite of
Sample 8 (Mobsy Chemical Silver-Coated Microspheres) in a Castolite binder.

14

13

12

I I......... 
.

10

i

&. a
z

9 7

Li

4

2

2 4 6 8 10 12 14 1& Is

PCCB'JIl' (Qtz)

Figure 9a. The real part of the dielectric constant for a 25 weight % composite of
Sample 9 (Mobay, Chemical Iron-Coated Microspheres) in a Castolite binder.

25



0~

-01A

-0.72

-0.4
-0.

-.
2 0 12 I 6 1

20

1
-1.4
-1.5
-1.6
-1.7

LA 2 4 6 8 2 1 6 1

z 10

17

13

12

0

62



-2

-4

w

-7

2 0 12 1 6 i

-9

7 O 12 1 6 1

10

72



0

-0.1

-0.2
-0.3

-0.4

-O.5

-0.6
LId

-O.7

2d -0.9

a -Id.
z -.

-1.2

LAI
-1.4

-. 7
-l!.a

-1 .9

0 2 4 a a 10

Figure lob. Variation of the imaginary part of the dieectr c constant of Castolite,
Type A Carbcspheree composites as a function of particle concentration.

11

14

13

12

I I

10

w 9
i
a. 8
z
o 7
40a. 6

4

3

2

0 i

0 2 4 6 a 10 12 14

Figure 11 a. Variation of the real part of the dielectric constant of Castolite,
Type 0 Carbospherea composites as a function of particle concentration.

28



0~

LI

if9 -2

9L

z

-4

0 2 4 6 a to 12 1'4

Figure 11 b. Variation of the imaginary part of the dielectric constant of Castolite,
Type D Carbospheree composite* as a function of particle concentration.

to

7

z

9

2 4 10 t 1'2 1'4 I'6 1

Figure 12a. The real part of ft dielectric constant tor a 25 weight % composite of iron-coated
carboapheres in a Castolite, binder. The data is the averag, of three determination.

29



0-

-0.1

-0.2

-0.3

-0.4
-0.5
-0.6

1 -0.7
I. -0O8

IL

-1.

z -1.7
-1A2

-1.5

-2

2 4 a a 10 12 14 is 18

P1LENBCY CGlz)

Figure 1 2b. The imaginary part of the dielectric constant for a 25 weight % composite of iron-coated
carbospheres in a Castolite binder. The data is the average of three determinations.

2
1.9
1.8
1.7

1.6
1.5
1.4

1.3'
1.2

2 1.1

0..

0.7

0.8
0.7

0.6
0.2

0.4
0

2 4 a a 10 12 14 16 18a

PMC&4CY (Glz)

Figure 1 2c. The real part of the permeability constant for a 25 weight % composite of iron-coated
carbospheree in a Castolite binder. The data is the averag, of three determinations.

30



-0.1

-0.2

2 -0.4

2 -.

S -0.6

-0.7

-0.8

-0.9

2 A a a 10 12 14 I6 is

PFgJB4 (G~z)

Figure 1 2d. The imaginary part of the permeability constant for a 25 weight % composite of iron-.coated
carbospheres in a Caslolfte binder. The data is the averag, of three determinations.

24

2 21

14

LAI

2 a

14

12

130



0
-t

-2

-4

3i -7o. -6

2d -7

-11

S -12

-11-19

-1t-14

-sl . i I i i i I i I I S

2 4 6 1 to 12 14 16 is

Figure 13b. The imaginary part of the dielectric constant for a 20 weight % composite of nickel-coated
carbospheree in a Castolite binder. The data is the average of two determinations.

2
1.9

1.7
1.6
1.8

1.4
1-,

1.2

. 1.1

0.9
OA

0.7
0.8

0.7
0.6

0.2
0.1

2 4 6 a t0 12 14 16 1a

FMEAuNCr (GHz)

Figure 14a. The real part of the permeability of a 60 weight % composite
of Sample 10 (Rockwell Ferrites) in a Castolite binder.

32



0*

-0.1

I'

2

-0.

-0.4

2 4 6 8 10 12 14 16 IS

Figure 14b. The imaginary part of tie permeability of a 60 weighit % compoeite
of Sample 10 (Rockwell Ferritea) in a Caatolite binder.

10

a

7

W

z

0. 4

2

0 4 a 12 16 20 24

Figure 14c. The real part of the dielectric constarit of composites of particle* of
Sample 10 (Rockwell Ferrite.) as a function of volume loading.

33



0-

-2

2 -2 0 1 1 4 I
aWaE~ Ga

2.

05-4

0. 4 o 12 1 8 1

0.2

0.1

0

0.44



4

2
0
0

2

0

0 ;0 4

~9LCN PAR~ICLE

Figure 1 4f. The imaginay part of the permeability of a particle of
Sample 10 (Rockwell Ferrite.).

10

99

a
7

2

2 4 6 a 10 12 14 1& I

FRE.J8ENCt (G~z)

Figure 15a. The real part of the permeability of a 9.8 volume % composite of
Sample 13 (Titan Ferrite. FCX-1 537) ina Castolite binder.

35



0*

2 -012

00.

S -0.2

0..

2 4 a a 10 12 14 16

rW-QuECr (aft)

Figure 1 5b. The imaginary part of the permeability of a 9.8 volume % composite
of Sample 13 (Titan Ferrites FCX- 1537) in a Castolite binder.

8-

4

2

0
2 4 a a 10 12 14 16

FW-CJ04CY (012)

Figure 15c. The real peart of the permeability of a particle
of Sample 13 (Titan Ferrite* FCX- 1537).

36



0-

-2
9.

ta
M

2 4 1a0 12 14

Pwaj'Cr (04:)

Figure 15Sd. The imaginary padt of the permeability of a particle
of Sample 13 (Titan Fervitea FCX-1 537).

2-

1.7

1.6
1.5

L 1.2

1.2

0.9

0.7
0.8
0.2

0..1

2 4 a a t0 12 14 16 a 1I

PWO CY (04:)

Figure 16s. The real part of the permeability of a 18.9 volume % oompoeite
of Sample 14 (Titan Ferrite. FCX-1538) in a Castolit* binder.

37



-0.1

-0.1

2 -0.4
a-

(L
D -O.h

S -0.6

-0.8

-0.9

2 4 a a 10 12 14 11 I

PFM.IB4cr (04:)

Figure 1 6b. The imaginary part of the permeability of a 18.9 volume % composite
of Sample 14 (T itan Ferrite. FCX-I 536) in a Castoite binder.

4

2

0-
2 4 6 a 10 t 2 14 16 18

PFwrjC?(Gz

Figure 16c. The real pad of fte permeability of a particle
of Sample 14 (Titan Ferrites FCX..1 536).

38



0

-0.2

-0.4

-O.6

--
w
2. -1.2
I.
9L
ig
2

n -1.A
-2

-2.2

-2.4

-2.6

-2.8

2 4 6 a 10 12 14 16 la

P ajacy OGft)

Figure Iled. The imaginary part of the permeability of a particle of
Sample 14 (Titan Ferrite* FCX.1538).

2

1.8

1.7
1.6

1.5

1.4

1.3

1.2

2 1.1

" 0.9 -o..
0.7

0.6 -
0.8
0.4

O.6

0
0.2

0.1

2 4 6 8 10 12 14 16 1S
MQUENlr (GHz)

Figure 17a. The real part of the permeability of a 20.1 volume % composite
of Sample 15 (Titan Ferrite* FCX-1539) in a Castolite binder.

39



0-

-0.2

Li

S -0.3

-0.4

-0.51 I I I --- I I I -. I I I - A

2 A 6 a 1o 12 14 16 18

PWXD=C (042)

Figure 17b. The imaginary peart oa the permeabilty of a 20.1 volume % COmpOsite
of Sample 15 (Titan Ferrite. FCX.1W.o In Ceatoile binder.

2.6

2.4

2-

2

1.

1..

1.4

1.2

O.

0.6

0.4

0.2

0

2 4 6 a 10 12 14 16 Is

FMUENCY (Qtz)

Figure 17c. The real palt of the permeability of a particle
of Sample 15 (T-tan Ferrite. FCX.1539).

40



0

-0.2

-0.4

-0.6

-0.

-l
2i -1.2

-2.4, -I.4

a.

-2

-2.2

-2.4

-2.6

2 4 6 8 10 12 14 16 IS

PIUCI (01:)

Figure 17d. The imaginaty pert of the permeability of a particle

of Sample 15 (Titan Ferritee FCX-1539).

2

1.9

I.A
1.7

1.6

1.5

1.4

1.3

,W 1.2

. 1

2 0.9
0.8

0.7

0.6

0.5
0.4

0.2

0.1

2 4 6 8 10 12 14 16 18

FMI' JNCY (01z)

Figure 18a. The real part of the permeability of a 63 weight % composite
of Sample 16 (Titan Ferrite. FCX-1540) in a Castolit. binder.

41



-0.

-A.2

-41I

-0M4

Id3

i
I.

S -0.6

-0.7

-o.a

-0.s

-1

2 4 6 a 10 12 14 16 1a

MW_&D4CV (Glz)

Figure 1 Sb. The imaginwy Wa of the perfmabII% of a 63 weigtt % oomposite
of Sample 16 (Than Fervitee FCX-1540) In a Casifoe binder.

4

ta

24



0-

LU
3 -2

LU
2
9x

-4

2 4 a U 0 12 14 16 1a

pygWanci (01:)

Figure 18d. The Imaginary part of the peimeablity of a particle
of Sample 16 (Titn Ferite FCX-1 540).
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Figure 1 Ba. The real part of the permeability of a 45 volume % composite
of Sample 17 (Thtan Ferrite@ FCX-1 541) in a Castolite binder.
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Figure 19b. The imaginaly part of the permeability of a 45 volume % composite
of Sample 17 (Titan Ferrite. FCX.1541) in a Castolite binder.
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Figure 19c. The real part of the permeability of a particle
of Sample 17 (Titan Ferrite. FCX-1541).
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of Sample 19 (Tda FeU FCX-I54).
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Figure 20b. The imaginary part of the pemeability of a 34 volume % oompoeite
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Figure 20c. The real part of the permeability of a particle
of Sample 18 (Titan Ferritee FCX-1542).
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Figure 20d. The imaginary part of the permeability of a particle
of Sample 18 (Than Ferrite, FCX-1 542).
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Figure 21 a. The real part of the permeability of a 21.7 volume % composite
of Sample 20 (Titan Ferritee FCX-1544) in a Caatolite binder.
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Figure 21 d. The imaginary peat of the permeability of
a particle of Sample 20 (Titan Ferrite* FCX 1 544).
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Figure 22a. The real part of the permeability of a 18. 1 volume % Compoeite
of Sample 22 (Titan Ferrites FCX- 1546) in a Caatolite binder,
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Figure 22b. The Imaginary pan d the pewvwebIlly of a 181 volume % compoaite
of Sample 22 (Titan Ferrite. FCX-1 546) in a Catolite binder.
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Figure 22d. The imaginary part of the permeability of a particle
of Sample 22 (Titan Ferrite. FCX-1 546).
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Figure 23a. The real part of the permeability of a 19.5 volume % composite
of Sample 23 (Titan Ferrites FCX-l 547) in a Caatolite binder.

51



0

-o.!

-0.2

-0.3-

Li
_ -0.4

.- 0.

-0.7
S -0.6

-0.8

-0.9

-I - , i . i '! ! a!I

2 4 4 a 1o 12 14 16 1a

PW (@1:)

Figure 23b. The imaginmay part of the permeability of a 19.5 volume % composite
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APPENDIX 1 -- PERMEABILITY DATA FOR FERRITES

SAMPLE 10

COMPOSITE PART I CLE

F(GHz) Mu' MU'' MU' MU''

2.25 1.83 -0.316 5.07 -1.55
4 1.661 -0.354 4.24 -1.74

5.75 1.544 -0.408 3.67 -2.001
7.5 1.507 -0.423 3.49 -2.07

9.25 1.443 -0.41 3.17 -2.01
11 1.38 -0.431 2.86 -2.11

12.75 1.305 -0.403 2.5 -1.98
14.5 1.237 -0.431 2.16 2.11

16.25 1.177 -0.413 1.87 -2.02
18 1.16 -0.36 1.78 -1.76

SAMPLE 13

COMPOSITE PART I CLE

F(GHz) MU' MU'' MU' MU''

2.25 1.12 -0.166 2.224489 -1.69387
4 1.08 -0.124 1.816326 -1.26530

5.75 1.01 -0.083 1.102040 -0.84693
7.5 0.973 -0.042 0.724489 -0.42857

9.25 0.96 0.014 0.591836
11 1 0.003 1

12.75 1 0.017 1
14.5 1 0.033 1

16.25 1.014 0.0375
18 1.09 0.148
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SAMPLE 14

COMPOSITE PARTICLE

F(GHz) MU' MU'' MU' MU''

2.2500 1.3270 -0.2103 2.7302 -1.1127
3.1250 1.2700 -0.2860 2.4286 -1.5132
4.0000 1.0900 -0.2996 1.4762 -1.5852
4.8750 0.9980 -0.3370 0.9894 -1.7831
5.7500 0.8560 -0.2840 0.2381 -1.5026
6.6250 0.8040 -0.1890 0.0000 -1.0000
7.5000 0.7880 -0.0964 0.0000 -0.5101
8.3750 0.8230 -0.0320 0.0635 -0.1693
9.2500 0.8710 0.0249 0.3175
11.0000 0.9227 0.5910
12.7500 0.9650 0.8148
14.5000 0.9690 0.8360
16.2500 1.0240 1.1270
18.0000 0.9730 0.8571

SAMPLE 15

COMPOSITE PARTICLE

F(GHz) MU' MU'' MU' MU''

2.2500 1.2600 -0.0476 2.2935 -0.2368
4.0000 1.1630 -0.0758 1.8109 -0.3771
5.7500 1.1670 -0.1150 1.8308 -0.5721
7.5000 1.1830 -01930 1.9104 -0.9602
9.2500 1.1446 -0.2372 1.7194 -1.1801
11.0000 1.0680 -0.2414 1.3383 -1.2010
12.7500 0.9860 -0.1940 0.9303 -0.9652
14.5000 0.9600 -0.1930 0.8010 -0.9602
16.2500 0.9412 -0.1960 0.7075 -0.9751
18.0000 0.9088 -0.1040 0.5463 -0.5174
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SAMPLE 16

COMPOSITE PARTICLE

F(GHz) MU' MU'' MU' MU''

2.2500 1.9840 -0.7481 3.4600 -1.8703
3.1250 1.4500 -0.9700 2.1250 -2.4250
4.0000 1.1020 -0.9022 1.2550 -2.2555
4.8750 0.8400 -0.7900 0.6000 -1.9750
5.7500 0.7100 -0.5767 0.2750 -1.4418
6.6250 0.6800 -0.4000 0.2000 -1.0000
7.5000 0.6510 -0.2300 0.1275 -0.5750
9.2500 0.7710 -0.0790 0.4275 -0.1975

11.0000 0.8200 -0.0462 0.5500 -0.1155
12.7500 0.8990 0.0126 0.7475
14.5000 0.9160 0.0190 0.7900
16.2500 0.9650 0.0132 0.9125
18.0000 0.9562 0.0660 0.8905

SAMPLE 17

COMPOSITE PARTICLE

F(GHz) MU' MU'' MU' MU''

2.2500 1.4370 -1.9350 1.9647 -4.2715
3.1250 0.9300 -1.5400 0.8455 -3.3996
4.0000 0.7123 -1.2120 0.3649 -2.6755
4.8750 0.5740 -0.9800 0.0596 -2.1634
5.7500 0.4730 -0.7385 -0.1634 -1.6302
6.6250 0.4800 -0.5600 -0.1479 -1.2362
7.5000 0.4600 -0.4040 -0.1921 -0.8918
9.2500 0.5350 -0.2040 -0.0265 -0.4503
11.0000 0.6235 -0.0737 0.1689 -0.1627
12.7500 0.7535 -0.0123 0.4558 -0.0272
14.5000 0.7979 -0.0361 0.5539 -0.0797
16.2500 0.8721 -0.0300 0.7177 -0.0662
18.0000 0.9010 0.0077 0.7815 0.0170

58



SAMPLE 18

COMPOSITE PARTICLE

F(GHz) MU' Mu'' MU' MU''

2.2500 1.4100 -0.3300 2.2059 -0.9706

3.1250 1.2500 -0.3100 1.7353 -0.9118

4.0000 1.2200 -0.3230 1.6471 -0.9500

4.8750 1.1500 -0.3800 1.4412 -1.1176

5.7500 1.0410 -0.3580 1.1206 -1.0529

6.6250 0.9900 -0.3350 0.9706 -0.9853

7.5000 0.9350 -0.3412 0.8088 -1.0035

9.2500 0.9090 -0.2700 0.7324 -0.7941

11.0000 0.8790 -0.2000 0.6441 -0.5882

12.7500 0.8560 -0.1510 0.5765 -0.4441

14.5000 0.8650 -0.0940 0.6029 -0.2765

16.2500 0.8960 -0.0690 0.6941 -0.2029

18.0000 0.9100 -0.0200 0.7353 -0.0588

SAMPLE 20

COMPOSITE PARTICLE

F(GHz) MU' MU'' MU' MU''

2.2500 1.5020 -0.6430 3.3134 -2.9631

3.1250 1.2710 -0.6370 2.2488 -2.9355

4.0000 1.1453 -0.5420 1.6696 -2.4977

4.8750 1.0130 -0.5220 1.0599 -2.4055

5.7500 0.9200 -0.4410 0.6313 -2.0323

6.6250 0.8340 -0.3280 0.2350 -1.5115

7.5000 0.7806 -0.2616 -0.0111 -1.2055

8.3750 0.8300 -0.2510 0.2166 -1.1567

9.2500 0.8510 -0.1040 0.3134 -0.4793

11.0000 0.8620 -0.0085 0.3641 -0.0392

12.7500 0.8920 0.0300 0.5023 0.1382

14.5000 0.9500 0.0510 0.7696 0.2350

16.2500 0.9810 0.0186 0.9124 0.0857

18.0000 0.9670 0.0920 0.8479 0.4240
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SAMPLE 22

COMPOSITE PARTICLE

F(GHZ) MU ' MU " MU ' MU'

2.2500 1.3900 -0.5600 3.1547 -3.0939
3.1250 1.2000 -0.5300 2.1050 -2.9282

4.0000 1.1180 -0.4030 1.8519 -2.2265
4.8750 1.0300 -0.3870 1.1657 -2.1381
5.7500 0.9500 -0.3270 0.7238 -1.8066
6.6250 0.8900 -0.2700 0.3923 -1.4917

7.5000 0.8754 -0.2550 0.3116 -1.4088

8.3750 0.8600 -0.2400 0.2265 -1.3260

9.2500 0.9135 -0.1270 0.5221 -0.7017

11.0000 0.9030 -0.0690 0.4641 -0.3812
12.7500 0.8970 -0.0232 0.4309 -0.1282

14.5000 0.9310 0.0135 0.6188 0.0746

16.2500 0.9655 0.0011 0.8094 0.0061

SAMPLE 23

COMPOSITE PARTICLE

F(GHz) MU' MU'' Mu' MU''

2.2500 1.4690 -0.5220 3.4051 -2.6769
3.1250 1.2140 -0.5090 2.0974 -2.6103
4.0000 1.1400 -0.4470 1.7179 -2.2923
4.8750 1.0280 -0.4430 1.1436 -2.2718
5.7500 0.9700 -0.3790 0.8462 -1.9436
6.6250 0.8750 -0.3240 0.3590 -1.6615
7.5000 0.8440 -0.3020 0.2000 -1.5487

8.3750 0.8200 -0.2910 0.0769 -1.4923
9.2500 0.8535 -0.1970 0.2487 -1.0103
11.0000 0.8480 -0.1150 0.2205 -0.5897
12.7500 0.8160 -0.0500 0.0564 -0.2564
14.5000 0.8890 -0.0130 0.4308 -0.0667
16.2500 0.9490 -0.0160 0.7385 -0.0821
18.0000 0.9690 0.0370 0.8410
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